Abstract: Background: Depression and schizophrenia are debilitating mental illnesses with significant socio-economic impact. The high degree of comorbidity between the two disorders, and shared symptoms and risk factors, suggest partly common pathogenic mechanisms. Supported by human and animal studies, maternal immune activation (MIA) has been intimately associated with the development of schizophrenia. However, the link between MIA and depression has remained less clear, in part due to the lack of appropriate animal models.
INTRODUCTION
Mental illnesses, including highly prevalent psychiatric disorders, such as depression and schizophrenia, pose a serious global health burden with the number of affected individuals increasing steadily [1] . Co-morbidity is high between these disorders, as there is an increased risk for developing depression in schizophrenia patients and likewise, people with depressive disorders are more likely to suffer from psychosis. Furthermore, depression and schizophrenia have common genetic risk factors and display some overlapping symptoms, which suggests partly shared underlying pathogenic principles [2] [3] [4] [5] . However, the precise molecular mechanisms causing these complex brain disorders remain incompletely understood -partially challenged by the lack of appropriate experimental systems. Animal models relevant for both, depression and schizophrenia, may hence offer a unique opportunity to tackle the scientific questions pertaining to the pathophysiology and therapeutic management of these devastating illnesses of the human mind. Epidemiological studies provide evidence that maternal immune activation (MIA) caused by gestational infection increases the risk for developing schizophrenia in adult life [6, 7] , most prominently when the infection occurs during the late first and early second trimester of pregnancy [8, 9] . Based on these findings several animal models for MIA have been generated, either by the application of live viruses or immunogenic substances, in order to enable further research aiming at identifying the pathophysiological principles involved [10] [11] [12] [13] . Numerous studies in these animal models demonstrated a link between MIA and the development of schizophrenia-related phenotypes in the adult offspring [14] . In the case of depression, epidemiological studies report conflicting results regarding the potential role of MIA in the development of the disorder [15] [16] [17] [18] . This discrepancy may relate to the fact that -as opposed to more than 80% of schizophrenia cases being related to heritability-the genetic contribution to depression (40% of cases associated to hereditary basis) seems to be much smaller [19, 20] . Hence, the specific genetic dotation not only determines the individual susceptibility to adverse early life events (including gestational infection) but may also influence which specific psychopathology the individual may develop. Consequently, larger population cohorts with ascertained genetic and environmental risk factors may be needed in
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order to comprehensively investigate the role of MIA in the etiology of depression in people [21] . Thus, precisely because the association to other psychopathological entities is much stronger, preclinical investigations into a potential link between prenatal infection and depression and an examination of its biological underpinnings are relevant for enhancing our understanding of the pathogenesis of the disorder, a prerequisite for the development of alternative therapeutic strategies.
Indeed, increasing evidence from animal experiments suggests a possible involvement of MIA in the pathophysiology of depression-related abnormalities at the behavioral [22] [23] [24] [25] [26] [27] , morphological [22, 25, [28] [29] [30] and pharmacological level [25] , hereby challenging the prevalent view of MIA being an animal model of schizophrenia exclusively. Alternatively, MIA may induce or contribute to a diverse set of neurodevelopmental aberrations potentially involved in the neurobehavioral abnormalities which are related to a spectrum of psychiatric illnesses, rather than constituting an environmental insult relevant to the development of a single disorder [13, 31] . Based on these considerations, animal models of MIA provide an optimal tool investigating shared as well as divergent mechanisms of depression and schizophrenia. Several excellent reviews focusing on the link between schizophrenia and MIA exist [11, 14, 32] . The emphasis of this review is on the role of MIA in the pathophysiology of depression with the aim to provide an extensive overview of the available literature and to discuss open questions and future directions.
ANIMAL MODELS OF DEPRESSION
For the examination of the neurobiological underpinnings of highly complex mental illnesses, as is the case for schizophrenia and depression, investigations in live animals are indispensable. Until now, examinations at the neural network and behavioral level cannot be carried out in in-silico simulations or in-vitro assays, highlighting the relevance of animal model systems that allow testing hypotheses derived from epidemiological studies, which cannot be investigated in human subjects in light of obvious ethical and practical limitations. However, despite the high genetic resemblance of men and mice some mental functions, such as abstract thoughts or executive planning, are considered uniquely human. Likewise, mimicking some of the symptoms of mental disorders such as hallucinations, feelings of worthlessness and suicidal thoughts/suicide currently remain challenging in experimental animals. Considering the complexity of the pathophysiology of mental disorders, animal models fall into place as most useful when attempting to reconstruct single aspects of these illnesses, rather than attempting to represent the entire spectrum of symptoms associated with a given psychiatric condition [31] . Similarly, various animal models of depression exist, with every individual one reflecting a slice of the pie of the entire range of the symptoms attributed to the heterogeneous clinical picture related to this complex disorder.
In general, animal models of human diseases are traditionally subjected to their adherence to the classical criteria of construct, face and predictive validity [33] . Construct validity is fulfilled when the disease and the model share the same genetic or environmental risk factors. Face validity is reflected in the degree by which symptoms of the disease are also represented in the model. Predictive validity depends on the reversal of the disease-related phenotype displayed in the animal model by established pharmacological treatments for the disease.
In humans, a variety of genetic and environmental risk factors for the development of depression have been identified to date [20, 34, 35] . Hence, the generally accepted notion assigns a multifactorial origin to the pathophysiology of depression, with a number of interactions between several genetic and environmental risk factors [36] . This consideration further highlights the need for animal models with a high degree of constructive validity. One of the most relevant environmental risk factors for the development of depression is exposure to chronic stress [37] . Accordingly, several rodent models of depression exist, which are based upon the exposure to various types of stressors at different time-points during the animal's lifespan including stress exposure during the prenatal period [38, 39] .
ANIMAL MODELS OF PRENATAL PSYCHOSOCIAL STRESS
Adverse early life events, including stress experience during the gestational period, are known to modify the sensitivity to the impact of stress in adulthood and influence an individual's susceptibility for the development of depression [40] . In humans, various forms of prenatal stress comprising nutritional [41] [42] [43] , psychological [44, 45] and infectious stress [15] have been associated to the development of mental disorders, including depression, later in life.
Epidemiological studies have provided evidence for a modulatory impact of prenatal stress on the fetal environment which may contribute to an increased susceptibility for the development of pathologies later in life, a process known as "fetal programming" [46] . As such, a role for prenatal stress as risk factor for psychiatric disorders, including depression, has been proposed [46, 47] . However, a definite confirmation for a direct and causal link between prenatal stress and an enhanced vulnerability for the development of depressive disorders is still elusive. One reason may be that epidemiological studies examining the relationship between prenatal stress and depression are constrained by the definition of stress, stress measurements, limited sample sizes and the lack of appropriate controls [48] . In contrast to human studies, preclinical research has provided a wealth of information supporting a role for prenatal psychosocial stress as contributing factor for the development of brain and behavioral abnormalities related to depression [49] [50] [51] .
Several studies suggest that prenatal psychosocial stress acts to modify the hypothalamic-pituitary-adrenal (HPA) axis which results in either enhanced basal secretion of glucocorticoids (GC) or in increased secretion of GCs in response to a stressor (for review [50, 51] ). In addition, it was found that the expression of corticotropin-releasing hormone (CRH) in the amygdala is increased in response to prenatal psychosocial stress hereby inducing anxiety-like behavior [52, 53] . Indeed, increased anxiety-like behavior in male offspring of prenatally stressed rat and mouse mothers has been repeatedly confirmed [50, [53] [54] [55] [56] . In female offspring contradictory results were observed in tests for anxiety, possibly relating to the well-documented behavioral variance in the course of the female estrous cycle (for review see [49] ). In addition to the abnormalities in behavior and stress response, prenatal psychosocially stressed animals have been also found to display cognitive impairments which potentially may relate to the observed reduction in adult hippocampal neurogenesis and brain-derived neurotrophic factor (BDNF) levels [57] . Interestingly, decreases in adult hippocampal neurogenesis and BDNF levels have also been observed in patients suffering from depression, further supporting the relevance of prenatal psychosocial stress as an animal model of depression [58] .
The majority of studies investigating the effects of prenatal stress in the form of psychosocial stressors in experimental animal models have investigated its impact on depression-and anxiety-like behavior. In contrast, the impact of prenatal immunological stress has been mostly explored in light of the development of schizophrenia-and autismrelated symptoms later in life [49] . Lately however, an increasing number of reports in animal models also suggest a relevance for MIA in the pathophysiology of depression [22] [23] [24] [25] 27 ].
ANIMAL MODELS OF MIA
Epidemiological studies from the influenza epidemic of 1957 provided the first link between gestational infection and the development of schizophrenia in adulthood [8, 59] . Based on these findings, Fatemi et al. established an animal model of prenatal influenza infection in mice [10] . The model is based on the intranasal delivery of a sublethal dose of a neurotropic human influenza strain to the pregnant dam [60] [61] [62] [63] . Adult offspring show a multitude of alterations at the behavioral [64] , morphological [61, 65] and gene expressional level [62, 66, 67] mainly associated to aberrations relevant for schizophrenia and autism. To date, the link between exposure to various infectious agents such as influenza, rubella, herpes simplex, toxoplasma gondii, measles, polio, and genital and/or reproductive infections during the prenatal period and the development of schizophrenia is well established [68] . In the case of depression, results of epidemiological studies have provided contradictory findings (for review see [31] ) regarding the pathophysiological relevance of gestational infections. This fact further highlights the importance for the establishment of adequate animal models, which may enable the exploration of a potential causal relationship between MIA and depression and its molecular underpinnings.
Infectious agents can impact the developing fetus via activation of the maternal immune response or directly at the site of the placenta, the amniotic fluid or in the fetal organism itself [10] . Hence, other animal models of MIA, based on administration of immunogenic substances rather than of entire microorganisms have been developed. These models are exclusively based on the activation of maternal immune pathways, since the applied substances cannot penetrate the placenta. While the models using live microorganisms have the advantage that they most closely ressemble the human situation, the replacement of pathogens by immunogenic substances provides several other advantages. First, no specific laboratory safety requirements have to be fulfilled when working with immunogenic substances. Second, the immune response triggered by these substances typically lasts only 24-48 hours [69, 70] . Therefore, the gestational time-point of maternal immune stimulation can be controlled, which allows the assessment of sensitivity to MIA at different periods of pregnancy. Third, the intracellular pathways and effectors mediating the immune response are known and well defined.
The two most commonly used immunogenic substances for animal models of MIA are the bacterial endotoxin Lipopolysaccharide (LPS) and the synthetic double-stranded RNA analogue polyinosinic-polycytidilic acid (Poly(I:C)). LPS induces an innate immune response, which is usually triggered after bacterial infection while Poly(I:C) mimics the acute phase immune response to a viral infection, as double stranded RNA is exclusively present in viruses. Both substances stimulate the production of pro-inflammatory cytokines such as Interleukin-1beta (IL-1β), Interleukin-6 (IL-6) and tumor necrosis factors alpha (TNF-α) through binding to toll-like receptors (TLRs). While LPS is recognized by TLR4, Poly(I:C) exerts its pro-inflammatory effects through activation of the TLR3 pathway, ultimately leading to nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB) activation (reviewed in [31] ). Poly(I:C) additionally induces the production of Interferon alpha (INF-α) and Interferon beta (INF-β).
The effects of both types of immune stimulation in the context of animal models of MIA have been examined by the investigation of offspring behavioral, cognitive and pharmacological functions. The behavioral phenotypes have been mostly studied in the context of symptoms observed in schizophrenia and autism patients, including disturbances in sensorimotor gating [64, 71] , selective attention [72] [73] [74] , social interaction [75] and working memory [76] as well as sensitivity to psychostimulant drugs [76, 77] .
As stimulation by Poly(I:C) or LPS is eliciting a timewise limited immune response, specific windows of fetal development can subsequently be linked to effects of MIA [29, 78] . Therefore a starting point for deciphering the underlying pathomechanisms is to determine distinct gestational periods, which may represent a period of vulnerability of the developing fetus to MIA-induced brain and behavior alterations [13, 31] . Along these lines, mouse studies using Poly(I:C)-assisted MIA suggest a period between gestational day (GD) 9 and 12 as critical time frame for effects of maternal infection on depression-like behavior. MIA at both time points of pregnancy leads to behavioral phenotypes in the adult mouse offspring which are thought to reflect some of the deficits observed in depressed patients [13, 29, 31, 70, 74, 78] . The behavioral alterations, including augmented anhedonic states and an increase in behavioral despair, were also paralleled by neurogenic and neurotrophic deficits [22, 31] . Both neurogenic and neurotrophic deficits have been intimately linked to depression considering the reductions in hippocampal volumes in post-mortem brains of depressed patients and several findings in animal models linking adult neurogenesis and alterations in neurotrophic support to depression-like behavior (see for review [79] ).
Later gestational time points were shown to be relevant for other behavioral alterations, as offspring after Poly(I:C)-induced MIA at GD 16/17 displayed phenotypes related to epilepsy and cognitive decline [80, 81] .
Collectively, there seem to be certain windows of susceptibility for the long-term effects of MIA on neuronal abnormalities in rodents resulting in functional disturbances related to the presentation of mental disorders, including depression. These gestational time-points in rodents correlate to the middle/ end of the first trimester in human pregnancy [10, 31, 82, 83] . Interestingly, recent epidemiological studies showed a correlation between maternal infection and an increased risk for the development of schizophrenia specifically when the infection occurred at the end of the first trimester [9, 68, 84, 85] . This vulnerability at a certain gestational period may depend on both maternal and fetal factors: First, the maternal immune response is changing during pregnancy with a gradual decrease of pro-inflammatory immune responses over time [86, 87] . Second, a specific set of maternal and fetal cytokines are activated at distinct timepoints during gestation which may differentially impact the fetal brain [29] , with the fetal immune system only reaching its final development during late gestation/ early postnatal period [31, 88] . Lastly, the impact and long-term consequences of adverse environments impinging on the fetal nervous system depends on the particular step of maturation during which the developing brain is impacted.
As described above, the relative paucity of epidemiological studies examining a possible link between MIA and depression rendered somewhat conflicting results [31] . Hence, on clinical grounds no definite causal relationship has been postulated so far, in part also due to the methodological limitations inherent to epidemiological research. It is here where animal models of MIA come into play allowing for a more direct approach to cause and effect in a controlled preclinical setting. Indeed, a series of reports on experiments in animal models provide evidence for an involvement of MIA in the development of distinct deficits related to depressive-disorders at the behavioral [22, [24] [25] [26] [27] 63] , cellular [22, 28] and molecular [12, 22, 25, 27] level.
FROM MIA TO ALTERATIONS IN BRAIN FUNCTIONS: BEHAVIORAL, CELLULAR AND MOLECULAR CORRELATES IN ANIMAL MODELS
Results from animal models have shown that phenotypes related to various mental disorders can be induced by MIA, affecting shared as well as unique neurobiological mechanisms involved in distinct psychopathologies, including schizophrenia and depression. Due to the high degree of complexity of the various factors involved and interacting in the pathophysiology of these mental illnesses, the precise mechanisms which MIA is affecting remain elusive. Enhancing our understanding of how and by which means maternal infection during pregnancy alters the preand perinatal environment and induces long-lasting changes may provide novel insight into the pathophysiology of mental disorders. This knowledge may ultimately lead to the development of new therapeutic strategies [31] . Specifically, as MIA is a manipulation taking place during the prenatal phase no drug or other interactions with pharmacological compounds eventually tested in the adult animal are to be expected. Along these lines, MIA animal models constitute a suitable tool for the investigation and testing of preventive treatment regimens and compounds, which may inhibit the development of behavioral deficits in offspring after exposure to gestational infections. Albeit still controversial for depression, the role of preventive interventions in schizophrenia, which may halt the emergence of associated phenotypes is currently being intensively debated [89] [90] [91] . Additionally, investigating the molecular players involved in the observed depression-related alterations following MIA may lead to identification of novel targets for pharmacological compounds, allowing for the possibility of new symptomatic treatment approaches.
Cytokines as Modulators of the effects of MIA
Proinflamamtory cytokines have been tightly associated with the pathophysiology of depression. A series of preclinical and clinical studies have thus formed the basis for the "cytokine hypothesis of depression". As such, increased levels of peripheral pro-inflammatory cytokines have been reported in depressed patients and proposed to influence pathophysiological processes implicated in depression such as neurotransmitter metabolism, neuroendocrine interactions and synaptic plasticity (reviewed in: [92] ). This reflection of heightened immune activation may also result from chronic stress exposure, a precipitating factor for the development of depression, which has been shown to lead to activation of pro-inflammatory pathways via Nf-KB signaling [93] . Additionally, the systemic application of cytokines has been shown to induce symptoms of anxiety and depressed mood in somatically-ill patients [94] . These observations in people have been paralleled by similar findings in experimental animals [95] .
Augmentation of a distinct set of cytokines in the maternal system resulting from MIA has been repeatedly demonstrated. The specific profile of pro-and antiinflammatory factors depend on the particular immune activation protocol used [70, 96] . Among those cytokines prominently involved, are TNF-α, IL1-β and IL-6 [22, 97, 98] which are also highly implicated in the pathophysiology of depression [99] . While more specific literature on fetomaternal immune interactions is currently emerging [100] there is still no clear answer to the question if and which maternal cytokines are able to cross the placenta at certain gestational stages and under various (patho-) physiological conditions [31, 86] . However, evidence for the elicitation of inflammatory processes by MIA in the fetal system, including the brain, has been provided [13, 29, 69, 76, 101, 102] . The mechanisms of cytokine augmentation in the fetal compartment, being direct transport via the placenta or passively [103] [104] [105] [106] [107] are still incompletely understood and seem to be cytokine-specific [13, 104, 108] .
Several studies in animal models have been carried out in order to elucidate a potential causal involvement of individual cytokines in the mechanisms underlying the association between MIA and depression later in life. As a result of these experiments, specific roles for IL-1 [109] , IL-10 [76] and IL-6 [107] in the pathomechanisms linking MIA with the neurobiological and behavioral aberrations related to depression have been proposed. With its ability to cross the placental barrier, IL-6 [104] is likely to function as a key mediator linking maternal infection to offspring behavioral deficits [13, 23, 107, 110] . Indeed, it was found that administration of IL-6 on GD 12.5 generates behavioral disturbances phenocopying those observed after LPS or Poly(I:C)-induced MIA. By contrast, elimination of IL-6 by genetic or immunologic strategies prevented the effects of prenatally administered Poly(I:C) [107] . Interestingly, the effect seems to be specific for IL-6 since administration of other pro-inflammatory cytokines during pregnancy or deletion of those cytokines did not yield comparable results. Hereby, a central position of IL-6 in the molecular underpinnings linking MIA and mental illness is suggested. These data are further supported by other preclinical analyses which have linked prenatal IL-6 exposure to morphological and structural changes in the hippocampus [111] and suggested an involvement of IL-6 in the regulation of hippocampal neurogenesis [112, 113] and BDNF expression [107, 114] . Additionally, several clinical studies have demonstrated altered levels of IL-6 in patients suffering from depression [115] . While the precise mechanisms and signaling pathways mediating the involvement of IL-6 in MIA-associated development of depression remain to be comprehensively elucidated, evidence for a role of the STAT3-signaling pathway linking IL-6 and modulation of the serotonergic system through SERT has recently been provided [116] .
However, individual cytokine responses as well as differences in the dam's alterations in weight resulting from the immunogenic stimulation [117] and strain-dependent susceptibility [23] have to be considered as modulating factors influencing the phenotype of adult MIA offspring.
Behavioral Phenotypes Related to Depression Induced by MIA
In a variety of studies enhanced depression-and anxietylike behavior has been reported in offspring after MIA. The specific results of studies analyzing behavioral phenotypes in animal models of MIA highly depend on the type and dose of the immunogenic substance used, the gestational timepoint and the individual response of the mother to the immunological stimulation [29, 117] (see Table 1 ).
A study by Meyer et al. [29] reports that mice exposed to Poly(I:C) prenatally on GD 9 but not on GD 17 show increased anxiety-like behavior in adulthood. In contrast, others describe a reduction in anxiety-like behavior in adult but not in juvenile offspring after Poly(I:C)-induced MIA [80] . After MIA induced by LPS on GD 17, increased offspring anxiety-like behavior has been reported [119] . Hence, it would be plausible to assume that the type and [23] . This observation is interesting and relevant for MIA as animal model of depression as it parallels descriptions in animal models based upon prenatal psychological stress [50, 51] . Moreover, these results further support the face validity of the MIA models considering the human situation where similar reports characterizing deficient HPA axis responsiveness in patients suffering from mood disorders are available [120] . Indeed, a model of the neural circuitry ( Fig. 1) potentially underlying MIA-induced depression-like behavior in adult offspring comprises dysfunctional HPA axis activity as central element modulating altered stress sensitivity in MIA offspring, mirroring similar observations in other animal models of depression and human patients.
In order to unravel the complex relationship between MIA and the emergence of depression-like behavior in later life, a study by Khan et al. [22] reports that Poly(I:C) administration on GD 12.5 induces behavioral despair, anhedonia and cognitive deficits in male adult offspring. Similar results are provided by Majidi et al. demonstrating increased depression-like behavior in male offspring following MIA at GD 12 [24] . Based upon the results described in several studies [22, 24, 75] , GD 12 can be considered as particularly sensitive gestational time-point for effects of MIA on behavioral disturbances related to depression. However, increased depression-like behavior in adult offspring following MIA was also reported in mice after Poly(I:C) exposure on GD 15 [26] . Likewise, also prenatal LPS administration has been found to induce heightened depression-like behavior in adult mice [27] on GD 9.5 and rat [25] offspring on GD 10.5 which was reversible by chronic treatment with the antidepressant fluoxetine. Fig. (1) . Model of the neural circuitry involved in depression-like behavior in adult MIA offspring. Depicted are dysfunctional brain structures and neural circuitries in adult MIA offspring, which relate to alterations described in depression. Aberrations in the HPA axis (orange connection) (from hypothalamus (Hyp) to pituitary gland (Pit) to adrenal gland (Adrenal)), have been reported after MIA [50, 51, 120] and in depressed patients and animal models of depression [23] . HPA abnormalities alter stress sensitivity and compromise the structural, molecular and functional integrity of brain regions with high density of glucocorticoid receptors, including the hippocampus (HC) (dotted line) as reported in MIA models [22, 28, 29] , other animal models of depression and in depressed patients [192] . Altered HCprefrontal cortex (PFC) connectivity has been shown in Poly(I:C) offspring [32, 193] paralleling deficient HC-PFC information transmission suggested to model dysfunctional anterior cingulate/orbitofrontal cortices reported in human depression [194] . Poly(I:C) induced MIA is documented to reduce the function of striatum and SN (substantia nigra) (blue connection) [195] and altered frontostriatal functional connectivity has been described in depressed patients [196] . Additionally, the mesolimbic dopaminergic pathway connecting the ventral tegmental area (VTA) and nucleus accumbens (Nac), further projecting to the amygdala, is modified in Poly (I:C) MIA offspring [72] and has been involved in the pathophysiology of depression (see for review: [197] ). Further MIA-related aberrations of dopaminergic (blue neurons), serotonergic (green neurons) and GABAergic (purple neurons) neurotransmission are reported in offspring of Poly(I:C) MIA animal models in NAc, HC and PFC [11, 148-150, 198, 199] .
Interestingly, although in the human population the percentage of women among all depressed patients is much higher, with females having twice the lifetime rate of developing depression [121] , few studies in MIA animal models have investigated potential sex differences in the effect of MIA on the offspring behavioral performance. Most of the few existing studies report no influence of sex on the resulting phenotypes following MIA with some exceptions (reviewed in: [10] ). In a study by Majidi-Zolbanin et al. MIA induced by Poly(I:C) on GD 12 increased depression-and anxiety-like behavior in male offspring exclusively [24] . In contrast, in another study employing LPS on GD 10.5, MIA in rats caused increased depression-like behavior in male and female offspring [25] . Similarly, LPS exposure on GD 17 resulted in increased anxiety-like behavior in adult offspring with no significant effect of sex. Taken together, further differences are needed in order to conclusively determine a potential impact of the offspring sex on depression-like behavior and related structural, functional and molecular neuronal aberrations induced by MIA.
MIA-induced Cellular Abnormalities Related to Depression in the Adult Offspring Brain
The association of impaired hippocampal functions and depression originally stems from early post-mortem studies in depressed patients, where reduced hippocampal volumes were observed (see for review: [122] ). Since then numerous studies in animal models have investigated the relationship between hippocampus, depression-like behavior and antidepressant treatment. Specifically adult neurogenesis in the hippocampal dentate gyrus has received immense attention in the field of depression research, as it is required for the therapeutic effects of antidepressants [123] and reversely pharmacological and non-pharmacological treatment induces progenitor cell proliferation and survival of newborn cells in the hippocampus [124] .
In animal models of MIA, several studies have reported alterations in adult hippocampal neurogenesis. Poly(I:C)-induced MIA on GD 9 and GD 17 has been found to lead to a reduction in hippocampal neurogenesis on postnatal day (PD) 24 [29] . Similarly, Poly(I:C)-induced MIA at GD 12.5 was reported to not only result in a decrease in the number of proliferating cells but also to reduce the number of surviving newborn neurons and compromise neuronal cell maturation in the adult hippocampal dentate gyrus [22] . Additional evidence for an impairment of adult neurogenesis by MIA was provided by a study where Poly(I:C) at GD 17 reduced the number of newborn neurons in the hippocampal dentate gyrus of adult offspring [28] . A study by Piontkewitz reports reduced neurogenesis in the hippocampal dentate gyrus following MIA induced by Poly(I:C) at GD 15 in adolescent and young adult mice but not during later stages of adulthood [125] .
Contradictory findings were reported for LPS-induced MIA; LPS administration every other day from GD 14-20 in rats decreased proliferating cells and newborn neurons in the adult hippocampal dentate gyrus [30] . LPS treatment on GD 10.5 decreased the number of newborn neurons in the rat adult hippocampus [25] . However, another study reports that LPS administration on GD 9 was not sufficient to affect adult hippocampal neurogenesis in mice [27] . Accordingly in rats, LPS exposure on GD 15/16 and GD 18/19 had no influence on hippocampal cell proliferation in adult offspring [126] .
The majority of studies investigating offspring adult hippocampal neurogenesis after Poly(I:C)-assisted MIA reports decreases in the number of newborn neurons [22, 28, 29, 125] . Additionally a reduction in the survival of newborn neurons has been observed [22] . This observation parallels findings in several stress-based animal models of depression where decreased hippocampal neurogenesis has been reported [79] . These results have led to the assumption that reduced neurogenesis and structural changes may be linked to the hippocampal volumetric decreases and relate to the behavioral disturbances observed in depressed patients [127] . Since studies investigating the role of LPS-induced MIA in adult neurogenesis report contradictory findings, further examinations are needed in order to fully elucidate the relationship between MIA, adult neurogenesis and depression.
Molecular Alterations in the Adult Offspring Brain Following MIA
In search of the molecular mechanisms potentially mediating the neural deficits underlying the behavioral abnormalities in MIA offspring, alterations in neurotrophic support have been a focus of several investigations. Adult hippocampal neurogenesis is known to be modulated by growth factors, which themselves have been implicated in the pathophysiology of depression [128] . BDNF is one of the neurotrophic factors most tightly linked to both, neurogenic disturbances and depression in human patients and in respective animal models [129, 130] . Based on this observation it is plausible to assume a potential involvement of BDNF in MIA-induced depression-like behavior. This hypothesis is further supported by the fact that pro-inflammatory cytokines and the cytokine activated transcription factor NF-κB -which has been proposed to act as a mediator between cytokine action and neurogenesis in depression [131] -inhibit neurogenesis [132] and BDNF expression. Indeed, maternal immune stimulation by LPS early in pregnancy (GD 9-10) results in a long-lasting reduction of BDNF expression [25, 133] . However, when LPS is applied at GD 17 the expression of BDNF in the offspring brain is reduced on PD 21 but not in adulthood [134] . The critical role of immunogen type and timing in MIA is further highlighted by a study using Poly(I:C) induced MIA on GD 14 which reports upregulation of BDNF and its receptor tropomyosin receptor kinase B (TrkB) in various regions of the offspring brain at different postnatal ages [135] . Interestingly, the vascular endothelial growth factor (VEGF), another trophic molecule implicated in the pharmacological action of antidepressant drugs and related to adult hippocampal neurogenesis [136] [137] [138] [139] [140] [141] has also been found to be differentially regulated after MIA. A decrease in hippocampal VEGFA and its receptor VEGFR2 expression was observed in adult male offspring after Poly(I:C) exposure on GD 12.5 [22] . While collectively these observations propose altered neurotrophic support in MIA-induced depression-like behavior and dysfunctional neurogenesis, the precise mechanisms and signaling cascades involved remain to be fully elucidated.
Another protein known to modulate neurogenesisamong other neurobiological processes -is the glycoprotein Reelin [142] . Reelin has received attention in several MIA studies as its expression is reduced in patients suffering from schizophrenia and bipolar disorder [143] and altered by antipsychotic, antidepressant and mood stabilizing pharmacotherapy [144] . Indeed, downregulated Reelin expression was described in offspring after prenatal LPS exposure on GD 15/16 during fetal development [145] and in the hippocampus of adult mice following LPS administration on GD 9 [27] . Furthermore, a decrease of Reelin positive cells in adult offspring was reported for Poly(I:C)-induced MIA on GD 9 in the hippocampus and on GD 9 and 17 in the prefrontal cortex [29, 76] .
Aiming to characterize dysfunctional neurotransmission possibly involved in the psychopathological disturbances related to MIA, many excellent reviews highlight findings of abnormalities in the dopaminergic and the glutamatergic system, neurotransmitter systems prominently related to schizophrenia [11, 110, 146] , as MIA was first considered as an animal model of schizophrenia exclusively. Regarding the serotonergic system, whose dysfunction is most commonly associated with depressive disorders [147] , accumulating evidence for a modulation by MIA using different immunogenic stimulations is becoming available. As such, it was found that MIA induced by LPS reduces serotonin (5-HT) and noradrenalin levels in the adult hippocampus and shifts the 5-HIAA/5-HT ratio towards the 5-HT metabolite 5-HIAA in the cerebellum [27] . In the dorsal raphe of adult offspring a decrease of 5-HT neurons and a reduction of 5-HT in several brain regions was found following prenatal LPS administration [148] . Moreover, prenatal administration of Poly(I:C) decreases 5-HT and its metabolite in the hippocampus, nucleus accumbens and the lateral globus pallidus [149] as does prenatal exposure to influenza in the adult cerebellum [67, 150] .
As seen from the variety of individual neuromolecular and functional alterations described in adult MIA offspring, information on the various signaling cascades involved and their modulation by the precise timing of MIA together with the type and dosage of immunogen is still sketchy. Further investigations into the interaction of the different key players at the molecular, morphological and functional level will be needed to shed light onto the neural underpinnings of the multifaceted behavioral abnormalities induced by MIA.
INVESTIGATING THE RELEVANCE OF MIA FOR THE PATHOPHYSIOLOGY OF DEPRESSION: PATHOMECHANISTIC PRINCIPLES AND MODULATORY INFLUENCES

Genetic Foundations
Studies using various inbred and outbred rodent strains may allow for the determination of the impact of different genetic backgrounds on the susceptibility to the effects of MIA. Interstrain variability in the levels of baseline anxietyand depression-like behavior as well as stress sensitivity is well documented [151] [152] [153] . Hence, it is likely that also the effects of MIA, which seem to involve alterations in the body´s stress response system [23] may depend on the specific genetic background of the mouse strain used. Indeed, LPS on GD 17 increased corticosterone levels and anxiety-like behavior exclusively in pregnant mice of the NMRI strain, but not in C57Bl/6 dams. Interestingly, only adult offspring from NMRI immune stimulated mothers showed increased anxiety-and depression-like behavior. In contrast, C57Bl/6 adult offspring whose mothers did not exhibit any differences in corticosterone levels and anxietylike behavior following gestational LPS administration also did not show any significant differences in anxiety-and depression-like behavior, demonstrating that the straindependent reaction of the pregnant dam to the immune stimulation critically determines the offspring behavioral phenotype [23] . Strain-treatment effects were reported for autism relevant phenotypes when using the C57BL/6J and BTBR T+tf/J mouse strains following Poly (I:C)-induced MIA. In the same study, dysregulated cytokine responses in adult offspring of Poly(I:C) exposed mothers were exclusively reported for BTBR mice, which are known for their genetic susceptibility to the development of autism-like phenotypes [75] . These data point towards a critical involvement of the genetic background for the long-term consequences of MIA. Thus, it is suggested that the individual's genetic dotation on which MIA is impinging, together with other environmental variables might determine the specific effects of MIA on offspring phenotype and its relevance for a given psychopathology.
Gene x Environment (G x E) Interactions
As indicated above, complex mental illnesses -like depression -are likely to be originating from an intricate interaction between various genetic determinants and a set of environmental stimuli. The specific components of this multifaceted "nature x nurture" interaction may also explain the high degree of variability of the symptomatology presented by different patients [154] [155] [156] [157] . These observations invite proposing that rather than a distinct disorder, depression may in fact comprise a series of psychopathological entities with common etiological foundations potentially based upon a shared set of interacting genetic and environmental variables (G x E interactions). In order to gain greater insight into the role of G x E interactions in depression and other mental disorders, researchers have developed and investigated animal models representing individual identified risk factors. Among those, maternal infection during pregnancy has been postulated to be associated with a higher susceptibility for the development of depression later in life [15, 18] . It remains to be determined if also for depression, as is the case for schizophrenia, and suggested by the animal studies described above, MIA may only exert an effect in genetic predisposed subjects. This case would also explain why only a modest impact of early immune challenges per se has been revealed by epidemiological studies [13, 158, 159] suggesting that MIA could act as a priming factor, increasing offspring vulnerability to other adverse conditions within their lifetime. Within the framework of this "two" or "multiple hit" model certain genetic and environmental risk factors including maternal, psychological and immunological factors have been identified to contribute to some extent to an enhanced likelihood of suffering from depression later in life [25, 36, [160] [161] [162] .
Exploring the role of MIA as single environmental risk factor, an increasing number of studies is using genetically modified mice to investigate the effects of the interaction of specific genetic predispositions and early life stress caused by infection [107, [163] [164] [165] [166] . One of the genes explored in this context is encoding for the scaffolding protein disrupted in schizophrenia 1 (DISC1), mutations of which have been shown to be associated with a higher occurrence of psychiatric disorders including schizophrenia, depression and bipolar disorder [2] . Interestingly, when MIA was induced by Poly(I:C) treatment on GD 9 behavioral abnormalities related to schizophrenia and depression were observed and found to associate with modulation of the HPA axis/stress response, 5HT-signaling and neuroanatomical and transcriptional alterations only in DISC1 knockout mice. These results provide first experimental evidence for G x E interactions in the pathomechanisms associating MIA with depression as neither the genetic deletion of DISC1 nor the solely prenatal exposure to Poly(I:C) led to a depression-like phenotype in the adult offspring which was only observed when the environmental adversity of MIA acted on the DISC1-based genetic predisposition [163] . Furthermore, MIA causes reduced prepulse inhhibition (PPI) and impaired cognitive and social behavior in wildtype mice. However, in mice carrying a DISC1 mutation these effects were enhanced compared to wildtype mice [164] . Similarly, in Nurr1 knockout mice, a transcription factor essential for normal dopaminergic development, the genetic predisposition and MIA caused synergistic effects on locomotor hyperactivity, PPI deficits and on impaired attentional shifting and sustained attention. Furthermore, MIA in addition to the genetic manipulation caused altered development of prefrontal and ventral striatal dopamine systems [165] .
In contrast, genetically induced IL-6 deficiency abolished the detrimental effects of MIA on PPI, social interaction and exploration of novel objects [107] . Interestingly, IL-6 knockout mice display reduced depression-like behavior in assays for behavioral despair and anhedonia [167] pointing once more to a key role of IL-6 in mediating the effects of MIA and in playing a crucial role in the pathophysiology of depression. Additionally, a study investigating a genetically modified mouse overexpressing the anti-inflammatory cytokine IL-10 demonstrated that in these mice MIA has no effect on PPI, attentional learning, exploration of novel environments and to the behavioral response to acute NMDA receptor blockade [166] .
Current research approaches also examine the interactions between multiple adverse conditions for the development of depression-like behavior in the context of MIA, by combining MIA with other identified environmental risk factors, such as chronic stress exposure later in life. Using this strategy, it was found that in MIA offspring the experience of peripubertal stress synergistically induced behavioral and hippocampal neuronal deficiencies associated with psychiatric disorders in humans [168] . Based on these observations, MIA can be considered a priming condition, sensitizing an individual to the effects of additional adversities impinging on the organism later in life, hereby contributing to the development of psychopathologies. As the current state of knowledge indicates that MIA may not be considered as risk factor specific for a certain mental illness [12] it is plausible to assume that the interaction of MIA with additional secondary determinants such as other environmental conditions or genetic factors may be responsible for the later development of a particular disease-related phenotype.
The role of Maternal Care Behavior in the effects of MIA on Depression
In addition to disturbances caused by the direct response of the maternal and fetal system to the immunogen, indirectly induced modulations of the perinatal environment, may contribute to the behavioral and neural alterations observed in MIA offspring. Alterations in maternal care behavior of dams experiencing immune stimulation during pregnancy could constitute such a secondary effect of MIA, potentially relating to the psychopathological phenotype displayed in affected offspring. Indeed, maternal care behavior has been shown to be sensitive to adverse environmental conditions during pregnancy [169] and dysfunctional maternal care behavior is tightly linked to the development of mental illness later in life [170] . Here the effect of deficits in maternal care behavior has been suggested to be mediated through a modulatory impact on HPA axis function and its relevance for the regulation of emotional, cognitive and neuroendocrine responses to stress [171] . Interestingly, the level of maternal care behaviormainly pup licking and grooming, the main source of palpable stimulation for the newborn [172] -in interaction with the animal´s genetic background, have been found to modulate adult hippocampal neurogenesis [173] , which is tightly associated to depression-like behavior and antidepressant treatment response, as described above. Additionally, licking and grooming is known to affect offspring stress sensitivity through alterations in the HPA axis [174] , which has also been found in MIA offspring [23] .
Several studies have begun to explore the effects of MIA on maternal care behavior in order to determine the relevance of this indirect effect of MIA on offspring brain function and behavior. As such, gestational Poly(I:C) has been found to disturb maternal behavior, especially licking and grooming and caused higher nest-building behavior, with offspring displaying higher sensitivity to acquiring learned fear responses. Interestingly, this behavioral phenotype was also observed in pups adopted by Poly(I:C) exposed mothers and may therefore relate to the deficits in the maternal care rather than to the direct effect of the gestational immune stimulation on the developing fetus [175] . Similarly, another study also showed that adoption of control pups by Poly(I:C) exposed mothers was sufficient to induce behavioral alterations related to schizophrenia in the adult offspring [176] . However, adoption of pups from Poly(I:C) exposed mothers by control dams did not prevent the behavioral pathophenotype suggesting that although the postnatal environment cannot reverse MIA related alterations, the solely disruption of maternal care due to MIA itself may induce behavioral disturbance related to human psychopathologies in the offspring.
Looking for a biological mechanism, potentially mediating the effect of maternal care behavior on the behavioral outcome later in life, epigenetic processes are a likely candidate due to their long-lasting nature and dynamic modulation by environmental factors [177] . Indeed, the regulation of epigenetic processes -alterations in gene expression without effects on the DNA sequence itself -by maternal care behavior and its persistent impact on gene expression and related behavioral outcomes has been repeatedly demonstrated [178] . Searching for the molecular correlates of this effect, the glucocorticoid receptor gene -a key player of the endogenous stress response system [179] represents a likely candidate since it has been found to be prone to epigenetic modifications, also in the context of maternal care behavior [180] . MIA-induced dysfunctions of the HPA axis, directly or indirectly through maternal care behavior -possibly mediated through epigenetic processescould also constitute a link to depression in humans where a derangement of the stress response system is assumed to be of pathophysiological relevance [181] .
The role of Epigenetics in the Impact of MIA on the Development of Depression
Seeking to unravel the molecular events possibly underlying the persistent nature of the impact of MIA on adult offspring brain structure, function and behavior, epigenetic processes can be considered a prime candidate mechanism, as indicated above. Indeed, alterations of the epigenetic profile, the so called epigenome, manifesting in modulations of DNA methylation patterns and histone modifications have been implicated in the pathophysiology of depression [182] . IL-6, which is thought to mediate some of the effects of MIA has been reported to promote global as well as gene specific epigenetic modifications [183] [184] [185] [186] [187] .
The impact of MIA on the epigenome has only begun to be explored recently. Basil and colleagues have found that Poly(I:C) exposure on GD 9 induces significant changes in global DNA methylation and in methylation at the promoter of methyl-CpG-binding protein 2 (MeCP2), a protein implicated in neurodevelopmental disorders [188] in the offspring hypothalamus [189] . In contrast, no changes in histone methylation in the cortex of adult mice after Poly(I:C) exposure on GD 12.5 and GD 17.5 were observed [190] , highlighting the critical relevance of the gestational time point of the immunogenic insult for the molecular, cellular and behavioral outcome in MIA offspring. Focusing on histone modifications, another study showed that Poly(I:C) administration on GD 9 induces histone hypomethylation in the cortex of juvenile but not adult offspring, which however presented with increased anxiety-like behavior. The results support the hypothesis that MIA may result in epigenetic Fig. (2) . A proposed role for MIA in the development of offspring depression-like behavior. Adult MIA offspring present with neural deficits at the molecular, structural and functional level, which are associated with depression-like behavior. The underlying pathophysiological mechanisms involve a complex interplay between the neurodevelopmental deficits induced by MIA and modulatory factors including genetic and environmental variables. modifications causing long-lasting changes in gene expression contributing to neurodevelopmental alterations in life-long modulations of neural function, ultimately leading to the observed behavioral abnormalities in adult life [191] . Collectively, these first studies indicate an involvement of epigenetic regulations in the impact of MIA on offspring brain and behavior. However, further investigations are needed in order to decipher the precise nature of these epigenetic processes and to demonstrate their causal involvement in MIA-induced pathophysiological mechanisms related to depression.
CONCLUSIONS AND PERSPECTIVES
Current evidence supports the notion that MIA acts as an early life adverse condition, which alters neurodevelopment and induces life-long modification in neural function in the offspring. Based on the concept of the "multiple-hit hypothesis" which proposes multi-level gene x environment interactions at the core of the pathomechanisms of complex mental illnesses, such as depression, MIA can be viewed as one of the contributing environmental factors (Fig. 2) . The wide range of neural and behavioral abnormalities observed in animal models of gestational infection further highlight the relevance of the type and intensity of the immunogenic insult and the time-point in pregnancy as critical determinants for the specific phenotype observed in MIA offspring. Consequently, MIA might not constitute a risk factor for a specific disorder [12, 13] but rather present an environmental challenge determining the individuals susceptibility for the development of psychopathologies later in life. The precise nature of the resulting psychiatric condition may then depend on the specific genetic profile and other environmental factors impacting in the course of an organism´s lifetime and explain the discrepancy observed in epidemiological studies investigating the relevance of gestational infection for the development of depression. Hence, in order to study the specific relevance of MIA for the pathophysiology of depression, the use of animal models, which allow for controlled experimental conditions of type and dose of immunogenic stimulation, gestational timing and environmental settings, appears as highly relevant tool.
Considering the role of MIA as model for depression research, some of the classical criteria describing the validity of animal models are being fulfilled. More and larger epidemiological studies are being needed in order to convincingly demonstrate a link between gestational infection and the development of depression later in life. Thus, it is yet too early to ascertain definite construct validity to MIA as animal model of depression. The display of anhedonia, a cardinal feature of depression in human patients, observed in MIA offspring [22] provides strong support for relevant face validity of the MIA model, albeit further studies investigating strain and sex-dependency are needed in order to confirm and extend these seminal findings. Regarding the aspect of predictive validity, it was reported that chronic antidepressant treatment ameliorates the observed phenotype in depression-like behavior following LPS-induced MIA in rats [25] . However, the reversibility of depression-related behavioral alterations in MIA offspring by various classes of antidepressant drugs is still pending.
MIA animal models may represent a suitable preclinical setting enabling scientists to examine the specific genetic and environmental risk factors, setting the course for the development of depression in the context of an early immunogenic insult. Moreover, the precise nature of the cellular and molecular events involved, including isolation of specific molecular key elements that may be amenable to pharmacological modulation, may be identified in future studies using MIA animal models. Hereby identified candidate mechanisms and molecules may then be examined in the human population in a translational approach ultimately contributing to an enhanced understanding of the pathophysiology of depression and development of novel therapeutic approaches.
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